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ABSTRACT 



A system for controlling the transmission of cells from a 
network node over multiple virtual circuit is disclosed. The 
disclosed system performs traffic shaping for all virtual 
circuits connected with the network node. The system 
includes a virtual circuit table with one or more entries. Each 
virtual circuit table entry corresponds to a virtual circuit 
established with the network node. Each virtual circuit table 
further includes one or more Cell Rate Accumulator fields 
and a Time Stamp field. The system includes a schedule 
table having one or more entries. Each schedule table entry 
further includes one or more Cell Rate Accumulator fields 
and corresponding predetermined value fields. A schedule 
table loading process determines a virtual circuit on which 
a packet is to be transmitted, and then calculates a time 
elapsed since a last previous write of a virtual circuit table 
entry corresponding with that virtual circuit The schedule 
table loading process then adds the time elapsed to the value 
of the Cell Rate Accumulator fields in that virtual circuit 
table entry, and stores the result of the addition into the 
corresponding Cell Rate Accumulator fields of the schedule 
table entry. The system further includes a process for peri- 
odically incrementing the Cell Rate Accumulator fields in 
the schedule table entry. A scanning process periodically 
increments the Cell Rate Accumulator fields. A transmitting 
process transmits a cell on the virtual circuit when the value 
of the Cell Rate Accumulator fields is greater than or equal 
to the corresponding predetermined values. 

23 Claims, 11 Drawing Sheets 
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TRAFFIC SHAPING SYSTEM WITH 
VIRTUAL CIRCUIT TABLE TIME STAMPS 
FOR ASYNCHRONOUS TRANSFER MODE 
NETWORKS 

FIELD OF THE INVENTION 

The disclosed invention relates generally to systems for 
providing predetermined qualities of service over multiple 
virtual circuits in a communications network, and more 
particularly to a system for traffic shaping in a network 
station operating on an Asynchronous Transfer Mode (ATM) 
network. 

BACKGROUND 

Asynchronous Transfer Mode (ATM) is a networking 
technology which will be used in a variety of telecommu- 
nications and computing environments, ATM is designed to 
support users having diverse requirements for service. For 
example, ATM will support both Constant Bit Rate (CBR) 
and Variable Bit Rate (VBR) types of connections. Further, 
ATM is intended to provide flexible use of network band- 
width. 

ATM is a connection oriented technology. Before data can 
be transferred between two stations, a connection (also 
referred to as a Virtual Circuit or VQ must be established 
between them. A first end station requests a connection to a 
second end station by submitting a connection request to a 
User to Network Interface (UNI) with the network. After a 
virtual circuit has been established, end stations exchange 
information by sending and receiving ATM "cells" contain- 
ing data. An ATM cell is a fixed length packet used to relay 
data between network stations. 

A major function of a station on an ATM network is 
supporting the Quality of Service (QoS) for each virtual 
circuit to which the station is connected. QoS is established 
for each virtual circuit when the circuits are set-up. 
Examples of QoS parameters that are specified in a connec- 
tion request include loss rate, acceptable delay, and peak and 
average cell rates. In addition, when peak and average cell 
rates are specified, a burst size of the number of cells that can 
be transmitted at the peak cell rate can also be specified. 

The network initially uses the QoS parameters in the 
connection request for admission control. When a request is 
made at a first end station for a connection with a second end 
station, the network and the second end station determine 
whether sufficient resources (transmission bandwidth, 
buffers, or other) exist to allow the connection to be estab- 
lished with the requested parameters, while not impacting 
the QoS of already established connections. If there are 
insufficient resources to support the requested QoS, the 
connection request is rejected, and request may subse- 
quently be repeated with lower QoS parameters. 

Once a connection is established, the network may ensure 
that each transmitting station meets and does not exceed, the 
QoS for each VC within that station. This is done through 
two complementary procedures, traffic shaping at the trans- 
mitting end station and each intermediate station, and traffic 
policing at each intermediate station and the receiving end 
station. Traffic shaping refers to steps performed by trans- 
mitting end stations and intermediate stations to ensure the 
transmission rate for any given VC does not exceed the peak 
or average data rate and burst characteristics allowed for that 
VC. 

Traffic policing may be performed by intermediate net- 
work stations between the end stations of a connection, and 
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by the receiving end station when receiving the forwarded 
cell. If an intermediate station or a receiving end station 
detects persistent transmission rates in excess of the QoS for 
a VC, it may take a variety of actions, including alerting 

s network administrators, discarding cells, or adopting other 
congestion management schemes. Correct operation of the 
network and consistent service levels require that traffic 
shaping be used to pace cell streams transmitted from the 
end stations of an ATM network. 

io a known mechanism for controlling bom the peak and 
average transmission rates for a single VC is referred to as 
the "Double Leaky Bucket" system. The Double Leaky 
Bucket system determines whether a VC can transmit a cell 
at a given point in time without exceeding the QoS param- 

15 eters for that VC. In an ATM adapter for a network end 
station, which must simultaneously support Quality of ser- 
vice monitoring for a large number of VCs, implementing 
excessively complex Double Leaky Bucket logic for each 
individual potential VC is impractical in terms of chip 

2° silicon area and die size. 

Also in AIM there is defined a ABR (Available Bit Rate) 
service, which does not specify peak and sustainable cell 
rate for a connection. ABR connections simply use whatever 
available bandwidth is dynamically available in the network, 

25 still allowing other connections the quality of service they 
have negotiated. Some users of ABR services may be 
latency sensitive. A network device that is capable of pro- 
viding timely service to latency sensitive ABR connections 
is therefore desirable, in order to allow for interactive 

30 applications to work well even under heavy load conditions. 
There is therefore a need for a new system for traffic 
shaping on ATM network stations. The new system should 
minimize the amount of logic required to be implemented in 
hardware ox silicon so that it can be used efficiently to 

35 support large numbers of VCs in an ATM adapter for an end 
station on an ATM network The new system should accu- 
rately and fairly control the transmission rate for each VC on 
a network station without using excessively complex Double 
Leaky Bucket circuits for each possible VC on the network 

40 station. 

SUMMARY 

In accordance with principles of the invention, there is 

45 provided a system for controlling the transmission of cells 
from a network node over multiple virtual circuits. The 
disclosed system performs traffic shaping for all virtual 
circuits connected with the network node. 
The system includes a virtual circuit table with one or 

50 more entries. Each virtual circuit table entry corresponds to 
a virtual circuit established with the network node. Each 
virtual circuit table entry includes one or more Cell Rate 
Accumulator fields, one or more corresponding predeter- 
mined value fields, and a time stamp field used to store the 

55 time at which the entry was last written. 

The system also includes a schedule table having one or 
more entries. Each schedule table entry further includes one 
or more Cell Rate Accumulator fields and corresponding 
predetermined value fields. The predetermined value field 

60 for a given Cell Rate Accumulator field is used to store a 
value representing a minimal time period required between 
cell transmissions. 

A schedule table loading process determines a virtual 
circuit on which a packet is to be transmitted, and then 

65 calculates a time elapsed since a last previous write of a 
virtual circuit table entry corresponding with that virtual 
circuit The schedule table loading process then adds the 
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time elapsed to the value of each of the one or more Cell FIG. 18 is a diagram of steps performed by a third 

Rate Accumulator fields in that virtual circuit table entry, example embodiment of a method for selecting a virtual 

and stores the result of the addition into corresponding Cell circuit for transmission; 

Rate Accumulator fields of the schedule table entry. fig, 19 j s a diagram of steps performed by an example 

The system further includes a process for periodically 5 embodiment of a process for loading a Schedule Table 

incrementing the Cell Rate Accumulator fields in the sched- Entry; and 

ule table entry. A scanning process periodically increments fig. 20 is a flow chart of a process for writing a Virtual 

each Cell Rate Accumulator field. A transmitting process Circuit Table entry, 
transmits a cell on the virtual circuit when the value of each 

given Cell Rate Accumulator field is greater than or equal to 10 DETAILED DESCRIPTION 

the corresponding predetermined value. piG. 1 is a diagram of a computer network, including an 

In an example embodiment, the system is implemented as End Station 1 10, Intermediate Station 1 15, Intermediate 

one or more processes in an Application Specific Integrated Station 2 20 and End Station 2 25. For purposes of example, 

Circuit. Other embodiments include implementation of the End Station 1 10 is physically connected with Intermediate 

system as one or more software processes executing on a 15 Station 1 15 by a transmission link supporting an Asynchro- 

microprocessor. nous Transfer Mode (ATM) network. Similarly, Intermedi- 

These and other features and advantages of the present ate Station 1 15 is connected with Intermediate Station 2 20, 

invention will become apparent from a reading of the and Intermediate Station 2 20 is physically connected with 

detailed description in conjunction with the attached draw- End Station 2 25 by transmission links supporting ATM 

ings in which like reference numerals refer to like elements 0 networking technology. TTius, the elements End Station 1 10, 

in the several views. Intermediate Station 1 15, Intermediate Station 2 20 and End 

Station 2 25 form an ATM network. 
During operation of the elements in FIG. 1, a user on End 

FIG. 1 is a diagram of a computer network; ^ Station 1 10 requests that a logical connection known as a 

FIG. 2 is a diagram of a station on a computer network, Virtual Circuit (VC) be established between End Station 1 

including a network adapter; 1° and End Station 2 2S. The request is made through a User 

FIG. 3 is a diagram of an example embodiment of a Network Interface (UNI) existing between the user and the 

control logic within a network adapter; Am network - ^ *n example embodiment, the connection 

FIG. 4 is a diagram of a first example embodiment of a 30 request specifies various QoS parameters of the requested 

^r." w tMTZ^Z ^ cmuuuimciiL vi a connectloI1 m a connection traffic descriptor. See "Asyn- 

scr^auimg tanie entry, chronous Transfer Mode Solution for Broadband ISDN*', 

FIG 5 is a diagram of an example embodiment of the Second mtion by Maitill De specificaUv pages 

steps of a method for scheduling cell transmissions; 2g9 3^ ^ references of which ^ herein included 

FIG. 6 is a diagram showing the steps of a first example by reference. Multiple connection requests may be issued, 

embodiment of a method for scanning table entries; multiple VCs may be established between the End 

FIG. 7 is a diagram showing the steps of a first example Station 1 10 and the End Station 2 25. 

embodiment of a method for selecting a table entry for The QoS parameters include Peak Cell Rate (PCR), Cell 

transmission; Delay Variation (CDV) Tolerance and Sustainable Cell Rate 

FIG. 8 is a diagram showing the steps of a first example ^ (SCR). The QoS parameters define the Quality of Service 

embodiment of a method for post processing a selected table (QoS) negotiated for a VC when the VC is initially estab- 

entry; lished. The Peak Cell Rate is the inverse of the minimum 

FIG. 9 is a diagram of a second example embodiment of time between the initiation of any two Cell transmissions on 

a scheduling table entry; the connection. The Peak Cell Rate is a mandatory param- 

FIG. 10 is a diagram of an example embodiment of a 45 cter applies to ATM VCs supporting both Constant Bit 

virtual circuit table entry; ^ C 0811 ) and Variable Bit Rate (VBR) services. 

FIG. 11 is a diagram showing the steps of a second For ATM connections that support VBR services, the Peak 

example embodiment of a method for scanning table entries; defines an upper bound of the cell rate of the 

FIG. 12 is a diagram showing the steps of a second connection. In order to allow ttie network to allocate 

example embodiment of a method for selecting a virtual 50 ™™™ : mo f ^ ntl * agonal parameter known as 

circuit for transmission; Sustainable Cell Rate may be provided in the connection 

„ . u • *u . * j request The Sustainable Cell Rate is an upper bound on the 

FIG 13 1. a diagram showing the steps of a second jeaUzed transmission rate ov£the connection, 

exa^leembodimentof a method for post processing a table Tq M 5 advailtage ^ resource ^ me 

en ^* 55 network, the Sustainable Cell Rate must be defined as lower 

FIG. 14 is a diagram showing an example of an encoded than the Peak Cell Rate of the VC. For CBR connections, the 

data representation for the values of the TS and TP fields of uscr provide no Sustainable Cell Rate, 

a virtual circuit table entry or a schedule table entry; ^ user fmQia fiupplies a CcU DeUy Variati(m {CDy) 

FIG. 15 is a table showing bit rates corresponding with tolerance parameter in the connection request When cells 

period field values in the encoded data representation of ^ ^ 2 or more ATM VCs are multiplexed, cells of a given 

FIG. 14, where the Exp field value is zero; ATM VC may be delayed while cells for another VC are 

FIG. 16 is a diagram showing the derivation of the TS being transmitted. For example, when two cells are sched- 

rating parameter from the encoded data representation of the uled to be transmitted at the same time over the same 

TS field as shown in FIG. 14; transmission link, then the cell which is transmitted last will 

FIG. 17 is a diagram of an example embodiment of a 65 suffer delay as a result. Further, scheduled cell transmissions 

Transmit Control Array Entry (TCA Entry) associated with may be delayed by the transmission of Operation And 

a transmit queue; Maintenance (OAM) cells. Transmission of an OAM cell 
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may delay the transmission of a user cell scheduled to be 
transmitted at the same time. Moreover, the burst tolerance 
for a connection, equal to the maximum number of cells that 
may be sent in a peak rate burst, will affect cell delay 
variation on a connection. The performance of Customer 
EQuipments (CEQs) may also introduce delay in the trans- 
mission of user cells. The user specifies in the connection 
request the degree of distortion allowed in the inter-arrival 
time of cells on the requested connection in a CDV tolerance 
parameter. 

The network responds to the connection request issued by 
the user on End Station 1 10 by cither creating the requested 
VC, or denying the request In determining whether a 
requested VC can be established between End Station 1 10 
and End Station 2 25, the network determines whether there 
are sufficient resources (for example transmission band- 
width and buffers) across the network from source to 
destination, for example in Intermediate Station 1 15, Inter- 
mediate Station 2 20, and end station 2 25, to allow the 
requested VC to be set up with the requested QoS 
parameters, while not impacting the QoS of already estab- 
lished VCs. If there are not sufficient resources to do so, the 
connection request is rejected, and the user on End Station 
1 10 may repeat the request with lower QoS parameters. 

Continuing with reference to the elements of FIG. 1, once 
a given VC is established between End Station 1 10 and End 
Station 2 25, the network applies mechanisms to ensure that 
the End Station 1 does not exceed its negotiated QoS 
parameters for that VC. For example, during operation, the 
transmission of cells from End Station 1 and End Station 2 
is controlled such that cell transmissions are not scheduled 
at a rate exceeding the Peak Cell Rate, and such that the 
average cell rate over some predetermined period of time 
does not exceed the Sustainable Cell Rate of the VC. 

In FIG. 1, the VC between End Station 1 10 and End 
Station 2 25 traverses both Intermediate Node 1 15 and 
Intermediate Station 2 20. The cell transmission rate over the 
given VC on the transmission link between End Station 1 10 
and Intermediate Station 1 15, as well as the cell transmis- 
sion rate over the VC on the transmission link between 
Intermediate Station 1 15 and Intermediate Station 2 20, and 
the cell transmission rate over the VC on the transmission 
link between Intermediate Station 2 20 and End Station 2 25 
are all controlled such that they do not exceed the negotiated 
QoS parameters in the connection request issued to the 
network by the user on End Station 1 10. 

FIG. 2 is a diagram of a Station 200 coupled with a 
Communications Network 245. The Station 200 shown in 
FIG. 2 is an example embodiment of any one of End Station 
1, End Station 2, Intermediate Station 1 or Intermediate 
Station 2 as shown in FIG. 1. The Station 200 includes a 
Network Adapter 205 coupled with a bus 220, a CPU 
coupled with the bus 220, and a Host Memory 215 also 
coupled with the bus 220. The Host Memory 215 is shown 
having a plurality of Transmit Queues 216. Each Transmit 
Queue 216 contains one or more entries. The entries within 
the Transmit Queues 216 represent packets to be transmitted 
onto the Communications Network 245. A packet may be 
represented by one or more entries in the Transmit Queues 
216. The next packet to be transmitted from a given one of 
the Transmit Queues 216 is said to be at the "head" of that 
Transmit Queue. For purposes of example, the Network 
Adapter 205 is an ATM network adapter, and the Commu- 
nications Network 245 is an ATM network. 

The Network Adapter 205 is shown having a Dynamic 
Random Access Memory (DRAM) 225, including a Virtual 
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Circuit Table 230. The Virtual Circuit Table 230 includes an 
entry for each potential VC linking Station 200 with other 
stations on the Communications Network 245. The DRAM 
225 is coupled with a Unklnterf ace 235 and a Control Logic 

5 240. The Link Interface 235 is coupled with the Commu- 
nications Network 245. 

During operation of the elements shown in FIG. 2, one or 
more virtual circuits are established by a user of the Station 
200. As each VC is established, an entry in the Virtual 

10 Circuit Table 230 is initialized for the new VC. The entry is 
initialized with the negotiated QoS parameters for the new 
VC. The Control Logic 240 is responsible for controlling the 
Link Interface 235 such that cells to be transmitted or 
received between the Communications Network 245 and the 

15 Host Memory 215 are correctly processed. The Control 
Logic 240 is responsible for performing traffic shaping, such 
that the transmissions on any given VC of the Station 200 do 
not exceed the agreed upon QoS parameters for that VC The 
QoS parameters for a given VC are accessed by the Control 

20 Logic 240 in the entry corresponding to mat VC in Virtual 
Circuit Table 230. For example, the QoS parameters for VC 
are contained in Virtual Circuit Table 230 entry 1, the Qos 
parameters for VC2 are contained in the Virtual Circuit 
Table 230 entry 2, etc. In this way, the control logic 

25 multiplexes cell transmissions for multiple VCs over the link 
interface 235. 

FIG. 3 shows a Control Logic 300 within a network 
adapter. The Control Logic 300 in FIG. 3 is an example 
embodiment of the Control Logic 240 shown in FIG. 2. In 

30 a first embodiment the Control Logic 300 in FIG. 3 is an 
Application Specific Integrated Circuit (ASIC). In an alter- 
native embodiment the Control Logic 300 is a set of discreet 
logic devices. In another alternative embodiment the Control 
Logic 300 is one or more processes executing on a micro- 

35 processor running in the network adapter. 

The Control Logic 300 in FIG. 3 is shown having a 
Transmit Process 305, a Receive Process 310, a Static 
Random Access Memory (SRAM) 315, a Scheduler Process 
(Scheduler) 325, and a Timer 330. The Transmit Process 
305, Receive Process 310, SRAM 315, and Timer 330 are all 
coupled with the Scheduler Process 325. 

The SRAM 315 is shown having a Scheduling Table 320. 
The Scheduling Table 320 consists of entries, each entry 

45 corresponding with one of the Transmit Queues 216 as 
shown in FIG. 2, For example Scheduling Table 320 entry 
1 corresponds with Transmit Queue 1 of Transmit Queues 
216, Scheduling Table 320 entry 2 corresponds with Trans- 
mit Queue 2 of Transmit Queues 216 etc. Each entry in the 

30 Scheduling Table contains information regarding the char- 
acteristics of the Virtual Circuit over which there is currently 
a transmission on the corresponding Transmit Queue. 

The Scheduling Table 320 contains a number of entries 
equal to some subset of the total number of potential VCs to 

55 which the network station may be connected. The Schedul- 
ing Table 320 is advantageously smaller than the Virtual 
Circuit Table 230 in DRAM 225 shown in FIG. 2, since the 
total number of VCs which potentially can be opened with 
a station is very large, resulting in a very large Virtual Circuit 

60 Table 230. In the example embodiment where Control Logic 
300 is implemented as an ASIC, such a large table as Virtual 
Circuit Table 230 would be prohibitively expensive to 
include in the SRAM 315 within the Control Logic 300 in 
terms of total number of logic gates. 

65 During operation of the elements shown in FIG. 3, the 
Scheduler Process 325 detects when a new packet reaches 
the head of one of the Transmit Queues 216 in FIG. 2. The 
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Scheduler Process 325 then determines which VC the new when the Scheduler detects that a new packet ready for 

packet is to be transmitted on. The entry at the head of the transmission is at the head of the Transmit Queue corre- 

transmit queue contains an index into the Virtual Circuit sponding to the Scheduling Table Entry 400, and cleared 

Table 230, thus indicating the VC on which the new packet when the last cell for that packet is transmitted, 

is to be transmitted on. The Scheduler Process 325 thus 5 In an alternative embodiment, indication of the status of 

determines the VC on which the new packet is to be the packet or cell indicated by the queue entry at the head of 

transmitted on by reading the entry at the head of one of the a given transmit queue is stored in a Transmit Control Array 

Transmit Queues 216. In an alternative embodiment, the Entry (TCA Entry) associated with each transmit queue. A 

Virtual Circuit on which the new packet or cell is to be further description of an example embodiment of a TCA 

transmitted is indicated within the packet or cell data itself. 10 Entry is provided below. 

The Scheduler Process 325 next reads the QoS parameters Scheduling Table Entry 400 also includes a Mode bit 410. 

from the indexed entry in the Virtual Circuit Table 230, and The Mode bit 410 reflects which QoS rating mode has been 

writes the QoS parameters into the entry in the Scheduling selected for the VC corresponding with the Scheduling Table 

Table 320 corresponding with one of the Transmit Queues Entry 400. In the example embodiment of FIG. 4, if the 

216 having a new packet for transmission. In the example 15 Mode bit 410 is clear then both Sustainable Cell Rate and 

embodiment, each entry in the Scheduling Table 320 con- Peak Cell Rate have been selected by the user of a given 

tains the QoS parameters for one VC. The Scheduler Process Virtual Circuit indicated by the VC field 401. If the Mode bit 

325 further writes indication of the indexed entry in the 410 is set then only Peak Cell Rate has been selected. 

Virtual Circuit Urne 230 into the entry in the Scheduling Scheduling Table Entry 400 also includes a Transmit 

Table 320, and marks the entry in the Scheduling Table 320 20 EnaWe (XMTT_EN) bit 415. During operation, the Sched- 

as valid if it was previously invalid. When the transmission ^ Process 325 as shown in FIG. 3 sets this bit when it 

of the new packet has been completed or terminated the determines that a cell may be transmitted on the VC indi- 

Scheduler marks the entry as invalid. Thus the Scheduler cate( j by me V C field 401 without violating the QoS param- 

Proccss 325 provides that each valid entry in the Scheduling eters for ^ vc> dcars ^ bit when a cell is 

Table 320 indicates a Virtual Circuit for which there is a 25 0Q me yc indicated by ^ vc field ^ 

packet pending transmission or currently being transmitted. Scheduling Table Entry 400 also includes a Sustainable 

In an alternative embodiment, indication of the status of Rate Accumulator (CS) field 420. This field is used to 

the packet or cell indicated by the queue entry at the head of accumulate periodic increments reflecting the Sustainable 

a given transmit queue is stored in a Transmit Control Array Cell Rate for the VC indicated by VC field 401. During 

Entry (TCA Entry) associated with each transmit queue. A 30 operation, the Scheduler Process 325 as shown in FIG. 3 

further ascription of an example embodiment of a TCA initializes the CS field 420 when the Scheduler detects that 

Entry is provided below, a new packet ready for transmission is at the head of the 

Furmer during operation of the elements shown in FIG. 3, Transmit Queue corresponding to the Scheduling Table 

the Scheduler Process 325, responsive to the timer 330, 35 Entry 400. The initial value of the CS field 420 is determined 

periodically scans the Scheduling Table 320 to determine by the Scheduler responsive to QoS parameters in the Virtual 

which of the entries in the Scheduling Table 320 indicate a Circuit Table entry for the VC on which the new packet is 

VC for which a cell may be transmitted without violating the to be transmitted. 

QoS parameters for that VC. In addition, the Scheduler Further during operation, the Scheduler subtracts 1 (one) 

Process 325, responsive to the timer 330, periodically selects ^ from the CS field 420 after a cell is transmitted on the VC 

one of those VCs which may transmit a cell without violat- indicated by the VC field 401. When the Valid bit 405 is set, 

ing its QoS parameters, to transmit a cell onto the Commu- the Scheduler Process 325 periodically increments the CS 

ideations Network 245 as shown in FIG. 2. field 420 by a predetermined increment value (for example, 

ftp<2t TTYAVfpi ts FiwunnTMPMT Ae value of ^ K ficld) responsive to the Timer 330 as 

FIROT EXAMPLE EMBODIMENT ^ sn0WI1 m jqQ 3 when the value of the CS field 420 reaches 

FIG. 4 is a diagram of a Scheduling Table Entry 400. The 1, a cell may be transmitted on the VC indicated by VC field 

Scheduling Table Entry 400 is a first example embodiment 401 without exceeding the Sustainable Cell Rate QoS 

of the format of entries in Scheduling Table 320 shown in parameter for that VC. 

FIG. 3. The fields in the Scheduling Table 320 are written Also shown in Scheduling Table Entry 400 is a Sustain- 
ed maintained by the Scheduler Process 325 as shown in 50 able Cell Rate Increment (IS) field 430. The value of the IS 
300. field 430 is written by the Scheduler Process 325 when the 
The Scheduling Table Entry 400 includes a VC field 401. Scheduler detects that a new packet ready for transmission 
The VC field 401 indicates a VC, for example by having a is at the head of the Transmit Queue corresponding to the 
value equal to an index into the Virtual Circuit Table 230 as Scheduling Table Entry 400. The value of the IS field 430 is 
shown in FIG. 2. The VC field is written when the Scheduler 55 written by the Scheduler, responsive to the QoS parameters 
detects that a new packet ready for transmission is at the in the Virtual Circuit Table entry for the VC on which the 
head of the Transmit Queue corresponding to the Scheduling new packet is to be transmitted, with the number of cells 
Table Entry 400. The Scheduler writes a value equal to the (generally less than 1) that may be transmitted during one 
index of the entry in the virtual Circuit Table corresponding cell time without exceeding the Sustainable Cell Rate for 
to the VC on which the new packet is to be transmitted into eo thatVC. 

the VC field 401. Further during operation, the value of the IS field 430 is 

The Scheduling Table Entry 400 further includes a Valid periodically added by the Scheduler to the value of the CS 

bit 405. When the Valid bit 405 is set, the VC field 401 field 420, responsive to the Timer 330, when the Valid bit 

indicates a VC that is open and on which there is a cell ready 405 is set. In the example embodiment of FIG. 4, the value 

to be transmitted. For example, where each packet consists 65 of the IS field 430 is stored in terms of cell transmission 

of one or more cells, the Valid bit remains set until all cells time, and is greater than 0 and less than I. For example, 

are transmitted for that packet The Valid bit 405 is written where the Sustainable Cell Rate for a given VC is 10,000 
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cells per second, and cell time for the network is 40 * 1(T 7 
seconds (250,000 cells per second), then the IS value for that 
VC would be Vis, equivalent to ! A5th of the capacity of the 
link. 

Scheduling Table Entry 400 also includes a Sustainable 5 
Token limit (LS) field 435. The value of the LS field 435 is 
derived from the QoS parameters in the entry in the Virtual 
Circuit Table 230 indicated by the VC field 401. The value 
of the LS field 435 reflects the number of cells that may be 
consecutively transmitted at Peak Cell Rate for the VC 10 
indicated by the VC field 401, and controls the maximum 
burst duration for that VC. Larger LS field values result in 
proportionally larger maximum burst sizes. The value of the 
LS field 435 is written by the Scheduler Process 325 when 
the Scheduler detects that a new packet ready for transmis- 15 
sion is at the head of the Transmit Queue corresponding to 
the Scheduling Table Entry 400. During operation of the 
elements in FIG. 4, when the Valid bit 405 is set, if the 
Scheduler determines that the value of CS field 420 exceeds 
the value of the LS field 435, the Scheduler writes the value 20 
of the LS field 435 into the CS field 420, in order to limit 
burst size. Hie value of the LS field 435 is generally greater 
than or equal to one. 

The Scheduling Table Entry 400 also includes a Peak Cell 
Rate Increment (IP) field 440. The value of the IP field 440 25 
is written when the Scheduler detects that a new packet 
ready for transmission is at the head of the Transmit Queue 
corresponding to the Scheduling Table Entry 400. The value 
of the IP field 440 is derived from the QoS parameters in the 
Virtual Circuit Table 230 entry of the VC on which the new 30 
packet is to be transmitted. The value of the IP field 440 is 
the number of cells which can be transmitted each cell time 
without exceeding the Peak Cell Rate for that VC. In the 
example embodiment of FIG. 4, the value of the IP field 440 
is stored in terms of cell transmission time, and is greater 35 
than 0 and less than 1. Further during operation of the 
elements in FIG. 4, when the Valid bit 405 is set, the 
Scheduler periodically adds the value from the IP field 440 
into the CP field 445 responsive to the Timer 330 as shown 
in FIG. 3. 40 

The Scheduling Table Entry 400 of FIG. 4 is also shown 
including a Peak Cell Rate Accumulator (CP) field 445. The 
Scheduler Process 325 initializes the value of the CP field 
445 when the Scheduler detects that a new packet ready far 45 
transmission is at the head of the Transmit Queue corre- 
sponding to the Scheduling Table Entry 400. The initial 
value of the CP field 445 is based on the QoS parameters in 
the Virtual Circuit Table entry for the VC on which the new 
packet is to be transmitted. 50 

Further during operation, the Scheduler decrements the 
value of the CS field 420 by 1 (one) after a cell is transmitted 
on the VC indicated by the VC field 401. Also during 
operation of the elements shown in FIG. 4, when the Valid 
bit 401 is set, the Scheduler periodically adds the value from 35 
the IP field 440 into the value of the CP field 445, responsive 
to the Timer 330 as shown in FIG. 3. When the value of the 
CP field 445 is equal to or greater than 1, a cell may be 
transmitted on the VC indicated by the VC field 401 without 
exceeding the Peak Cell Rate for that VC. # 

A Host Assigned Priority field (FRIO) 450 is also 
included in the Scheduling Table Entry 400. The value of 
this field is used to distinguish between CBR and VBR 
traffic, and to accommodate for the required CDV tolerance 
for the VC corresponding to the Scheduling Table Entry 400. 65 
For example, when a user requests a CBR connection, the 
resulting VC is given a higher priority than other connec- 



110 
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dons over the shared transmission link which only require 
VBR. During operation of the elements shown in FIG. 4, if 
the Scheduler determines that cells can be transmitted on 
more than one VC without exceeding any QoS limitations, 
then the Scheduler selects a VC having the highest Priority 
field 450 value for the next cell transmission. 

FIG. 5 is a diagram of the steps of a method for scheduling 
cell transmissions. The steps of the method in FIG. 5 are an 
example embodiment of the Scheduler Process 325 in FIG. 
3. The steps of FIG. 5 are performed on a table, each entry 
in the table including QoS parameters for one VC. In the 
example embodiment, the table corresponds with Schedul- 
ing Table 320 as shown in FIG. 3. However, in an alternative 
embodiment, the steps of FIG. 5, 6, 7 and 8 are applied 
directly to the entries in me 'Virtual Circuit Table 230 as 
shown in FIG. 2. 

For purposes of example, each of steps 505, 510, 515 and 
520 are embodied as processes in an ASIC. In an alternative 
embodiment, each of steps 505, 510, 515 and 520 are 
processes executing on a microprocessor within the ATM 
adapter 205 as shown in FIG. 2. 

The steps of the method shown in FIG. 5 are triggered by 
a trigger event 500 occurring each cell time, where a cell 
time is the time required to transmit one fixed length 
transmission cell onto the communications network. For 
purposes of example, the trigger event 500 is caused by the 
expiration of a timer (for example Timer 330 as shown in 
FIG. 3) having a period equal to one cell time. 

Following the trigger event 500, in step 505, the Sched- 
uler scans the table. In step 505 the Scheduler determines 
which entries indicate VCs on which a cell may be trans- 
mitted without exceeding the QoS parameters for that VC. 
Each such entry is marked by the Scheduler as ready to 
transmit, for example by setting a Transmit Enable bit in 
each entry. 

Following step 505, in step 510, the Scheduler selects one 
of the entries marked as ready to transmit Those entries in 
the table that are marked as ready to transmit but arc not 
selected in step 510 remain marked as ready to transmit 
When the Scheduler next scans the table, entries that remain 
marked as ready to transmit continue to indicate VCs on 
which a cell may be transmitted without exceeding the QoS 
parameters for that VC. 

After step 510, in step 515, the Scheduler uses the link 
interface logic (as shown as 235 in FIG. 1) to transmit a cell 
on the VC corresponding with the table entry selected in step 
510. Following the transmission of the cell in step 515, the 
scheduler post-processes the selected table entry in step 520. 

FIG. 6 is a diagram of the steps of a first example 
embodiment of a method for scanning table entries. In the 
example embodiment of FIG. 6, the steps of FIG. 6 are 
performed by the Scanning Process corresponding to step 
505 in FIG. 5 and contained within the Scheduler Process 
325 as shown in FIG. 3. In the example embodiment, each 
of the steps 600, 605, 610, 615, 620, 625, 630, 635 and 640 
are implemented as processes within an ASIC. In the 
example embodiment, the elements of FIG. 6 operate on the 
Scheduling Table 320 as shown in FIG. 3. Further in the 
example embodiment of FIG. 6, the format of the table 
entries corresponds with the format shown in FIG. 4. 

During step 600 in FEG. 6, the Scheduler increments the 
CS field value for the current entry by the value of the IS 
field for that entry. Following step 600, in step 60S, the 
Scheduler compares the incremented value of the CS field 
with the value of the LS field for that entry. If the Scheduler 
determines in step 605 that the CS field value is greater then 
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or equal to the value of the LS field, then Step 610 is highest priority field value of any other VC that may 

performed following step 60S. If the scheduler determines in transmit a cell. If the Scheduler determines in step 710 that 

step 605 that the CS field value is not greater than or equal the value of the priority field value of the current entry is 

to the value of the LS field, step 610 is skipped, and the greater than the priority field value in the current candidate 

Scheduler continues with step 615 following step 605. In 5 register, then step 710 is followed by step 715. If the 

step 610, the scheduler sets the value of CS field to the value Scheduler determines in step 710 that the value of the 

of the LS field Following step 610, step 615 is performed priority field in the current entry is not greater than the value 

In step 615, the Scheduler compares the incremented °f ^^L^Vt *f """J* caBdktate men 

value of die CP field with 1. If the Scheduler determines in 7 """T5 ^, f P ^ . * 

step615thatthevalueoftheCPiieldisles S thanl,thenstep » "» , ste P 71S « .*« Sadder updates the current candidate 

620 is performed following step 615. Otherwise, if the ***** * val £ of * e en ^ mto me 

&hedulerdctermkesttatthevalueoftheCPfieldisnotless ?^ candidate register. Thus the current candidate rcg- 

than 1. then step 620 is skipped and step 625 is performed ! st " ".^^^W*/^^ 1 ^ as ftat entry 

following step 615. In step 620, the Scheduler adds the value m ^ ^ble havmg the : highest priority field value of an entry 

of IP to fee value of the CP field. Step 620 is followed by « co^ondmg with a VC on which a ceU may be tansmited 

steo 625 without exceeding the QoS parameters for that VC Step 715 

is followed by step 720. 

Id step 625, the Scheduler compares the values of CS field T - - ' 4 . o t. j i j * , Al „ A . 

■ m * , . ' ... , « o Zr. j i a * • ^ * *u 10 ste P 72u » the Scheduler determines whether all entries 

and CP field with 1. If the Scheduler determines that the . «. f, . , t , . ^ „ A 

i , rp , j ^ ^ , j *_ , «. in the table have been processed by the selectinc step 510 as 

values of the CS field and CP field are both equal to or „ u • ™. - « . JL^a **. o~u j i Tr • *u I 

* *u i *u * /-,« j ,c i, • . or, shown in FIG, 5. If in step 720 the Scheduler determines that 

greater than 1, then step 630 performed following step 625. 20 tl . . . .« . Ul t . . , . 

?wu«. • c i. I i • * * £c+%i+.u ^ entries in the table have been so processed, then the 

Otherwise, if the Scheduler determines in step 625 that the , „. C1 „ _ . . CT „ _ K . ' T£lL 

i c *u r«c « u jrT >fi u * u *u i * selecting step 510 as shown m FIG. 5 is completed. If the 

values of the CS field and CP field are not both equal to or qua? a*. « *u * ♦ n • *tT *.t 

^ , A . . ,7* . Scheduler determines that not all entries in the table have 

greater than 1, then step 630 is skipped, and step 625 is , . . . lt , ™ 7 

Tn * * : T r . « A 5T o i. j i * ^ oeen so processed, then step 720 is followed by step 700, a 

followed by step 635. In step 630, the Scheduler sets the OM A„ . ^fj rtp A * # _ * F ' 

transmit enable bit in the entry. 25 new . entr y ls tl re * d ".^ ™t enfty, and the process 

iui cu*uic uit in uio caay. continues until all entries in the tabic have been processed. 

In step 635, the Scheduler determines whether all the iivoi™;™ ~p+u- „u • ttto * *u 

- Al _ ' , , , , . Tfll o l j 1 Following completion or the steps shown in FIG. 7, the 

entries in the table have been scanned. If the Scheduler c^^nwtr,„ 0 «l* „ _n A - \^ u„ X* 

, ^ iL , x „ . » . t . A . . . . Scheduler transmits a cell on the VC indicated by the entry 

deteniunes mat not aU the entries m the table have been st ored in the current candidate register, as described by step 

aanned, then step 640 follows step 635 CMnwie, if the S15 fa mQ s m $elected u ^ £ 

Scheduler ^determines that aU entnes in (he teble have been ^ re ^ stcr followi ^ ^ completioll of 

K^^^Si^^ tmean^tam^^ the steps shown in PIG. 7. 

table. In step 640, the Scheduler selects the next entry in the - ' . „ . „ , , 1 ^ J . 

Uble for scanning. FoUowing step 640, the Scheduler con- t m f 15 ^S?" 1 of f ^ a ^ <^f^t of the 

tinues on with step 600, repeating steps 600, 60S, 610, 615, f^ 8 f 8 me ^ f ^ r P° st ^° css ^ ^ ectcd tabl = L'^ 

620, 625, 630, 635 and 640 unffl aU toe entries in the table 35 ™ e ste P s " *f- » " e . p( l 0 T! d ^ * e ? rocess 520 " 

have been scanned shown in FIG. 5, which is part of the Scheduler process 325 

_ . .. - . . , as shown in FIG. 3. In the example embodiment, the 

FIG. 7 is a diagram of the steps of a first e»mple ekments of nG> g fc 0 „ ^ Schedulin ^ m as 

einboaiment of a method for selectmg a Uble entry for shown m nG 3 _ Furtner u me le e^o^nt of 

tansmission In the example .a^odonnt, the element of ^ ^ 8 me fonnat of ^ toblc entneTcSrresponds with the 

FIG.7operateontheSchedulingTable320asshowninnG. format shown in FIG. 4. 

3. Further in the example embodiment of FIG. 7, the format ~. . . c ' ' , „ . . . 

c»u » u, . - JU «u « ' . The steps in FIG. 8 are performed by the Scheduler on the 

of the table entnes corresponds with the format shown in . . , , ^ , ^ 

^ r entry in the table which was selected by the selecting process 

" . _ ... 510 as shown in FIG. 5. The selected entry is me entry read 

The steps shown m FIG. 7 are performed by the process 4S from Scheduling Table and stored in the current candidate 

correspondmg with step 510 in HG. 5 which » contained b ^ Schedule r during the selecting process 510, 

within fee Scheduler Process 325 as shown in FIG. 3 The ^ rcmaining m mc candidate register at the end of the 

steps shown m HG. 7 select one table entry from those selectin ^ sl0- ste shown ^ ^ g „ 

entnes which the Scheduler has determmedmdicatea VCon performed by the Scheduler on mc selected entry, 

which a ceU n»ay be tonsmitted without exceeding the QoS 50 t st m ofm} g fte ^ ^ 

parameters ior that VC 



of the CS field in the selected entry by one. Following step 



In step 700 of FIG. 7, the Scheduler reads the next entry 800j in stcp 805> ^ Schcdulcr decrements the CP field 

in the table. The next entry read in step 700 is referred to vallle ^ me se iected entry by 1. Following step 805, the 

herein as the current entry. FoUowing step 700, in step 705 Scheduler clears the Transmit Enable bit in the selected 

the Scheduler determines whether the transmit enable 55 entry. In this way the steps shown in FIG. 8 show an example 

(XMTT_EN) bit in the current entry is set If the Scheduler of how ^ Scheduler Process 32S in FIG. 3 performs the 

determines in step 705 that the transmit enable bit in the step of post processing the selected table entry in step 520 

current entry is set, then step 705 is followed by step 710. If ^ snown m pjq 5. 
the Scheduler determines in step 705 that the transmit enable 

bit in the current entry is not set, then step 705 is followed 60 SECOND EXAMPLE EMBODIMENT 

by step 720. FIG. 9 is a diagram of a Scheduling Table Entry 900. The 

In step 710, the Schcdulcr determines whether the value Scheduling Table Entry 900 is a second example cmbodi- 

of the priority field in the current entry is greater than the ment of the format of entries in Scheduling Table 320 shown 

value of a priority field in a current candidate register. The in FIG. 3. The fields in the Scheduling Table are maintained 

current candidate register is used by the Scheduler during 65 by the Scheduler Rrocess 325 as shown in FIG. 300. 

the selecting step 510 as shown in FIG. 5 to store an entry The Scheduling Table Entry 900 includes a VC field 901. 

indicating a VC that may transmit a cell, and also having the The VC field 901 indicates a VC, for example by having a 
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value equal to an index into the Virtual Circuit Table 230 as issued by the user for that VC. The value of IL field 930 is 

shown in FIG. 2. The VC field is written when the Scheduler periodically added by the Scheduler to the CL field 925, 

detects that a new packet ready for transmission is at the responsive to the Timer 330, when the Valid bit 905 is set 

head of the Transmit Queue corresponding to the Scheduling Generally speaking, as the value in CL field 925 increases, 

Table Entry 900. The Scheduler writes a value equal to the 5 the priority given to that VC for subsequent transmissions is 

index of the entry in the Virtual Circuit Table corresponding similarly increased relative to other VCs. 

to the VC on which the new packet is to be transmitted. Scheduling Table Entry 900 also includes a Sustainable 

The Scheduling Table Entry 900 further includes a Valid Rate Accumulator (CS) field 940. This field is used to 

bit 905. When the Valid bit 905 is set, the VC field 901 accumulate periodic increments reflecting the Sustainable 

indicates a VC that is open and on which there is a cell ready 10 Cell Rate for the VC indicated by VC field 901. During 

to be transmitted. For example, where each packet consists operation of the elements in FIG. 9, the Scheduler Process 

of one or more cells, the Valid bit 905 remains set until all 325 as shown in FIG. 3 initializes the value of the CS field 

cells are transmitted for that packet. The Valid bit 905 is 920 when the Scheduler detects that a new packet ready for 

written when the Scheduler detects that a new packet ready transmission is at the head of the Transmit Queue corre- 

for transmission is at the head of the Transmit Queue 15 spending to the Scheduling Table Entry 900. The initial 

corresponding to the Scheduling Table Entry 900, and value of the CS field is responsive to QoS parameters in me 

cleared when the last cell for that packet is transmitted. Virtual Circuit Table entry for the VC on which the new 

Further, if there are successive packet transmissions for the packet is to be transmitted. 

same Virtual Circuit, then the Valid bit 905 may remain set Further during operation, the Scheduler subtracts the 

between the transmission of the two packets. And also, if the 20 Yaluc m mc TS ficld ^ mc yaluc of the CS field 920 

QoS parameters for a VC change during operation, then the wnen a cell { s transmitted on the VC indicated by the VC 

Scheduler may clear the valid bit for a Scheduling Table field 901. When the Valid bit 905 is set, the Scheduler 

entry that is currently transmitting over that VC. Upon Process 325 periodically increments the value of the CS field 

writing the new QoS parameters into the virtual circuit table 920 by 1 responsive to the Timer 330 as shown in FIG. 3. 

entry and subsequently loading the corresponding scheduler 25 When the value of the CS field 920 is greater than or equal 

table entry, the valid bit is again set to the value in the TS field 945, a cell may be transmitted on 

Scheduling Table Entry 900 also includes a Mode bit 910. the VC indicated by VC field 901 without exceeding the 
The Mode bit 910 reflects which QoS rating mode has been Sustainable Cell Rate QoS parameter for that VC. Thus CS 
selected for the VC corresponding with the Scheduling Table field 920 accumulates time as indicated by the Timer 330, 
Entry 900. In the example embodiment of FIG. 9, if the 30 and when the CS field 920 has accumulated enough time for 
Mode bit 910 is clear then both Sustainable Cell Rate and 1 cell, then a cell may be transmitted. 
Peak Cell Rate have been selected, If the Mode bit 910 is set Also shown in Scheduling Table Entry 400 is a Sustain- 
then only Peak Cell Rate has been selected. a blc Cell Rate Period field (TS) 945. The value of the TS 

Scheduling Table Entry 900 also includes a Transmit 35 field 945 is written by the Scheduler Process 325 when the 
Enable (XMir__EN) bit 915. During operation, the Sched- Scheduler detects that a new packet ready for transmission 
uler Process 325 as shown in FIG. 3 sets this bit when it is at the head of the Transmit Queue corresponding to the 
determines that a cell may be transmitted on the VC indi- Scheduling Table Entry 900. The value of the TS field 945 
cated by the VC field 901 without violating the QoS param- is written by the Scheduler, responsive to the QoS param- 
eters for that VC, and clears this bit when a cell is trans- ^ eters in the Virtual Circuit Table entry for the VC on which 
mitted on the VC indicated by the VC field 901. the new packet is to be transmitted, with the number of clock 

A Host Assigned Priority field (PRIO) 920 is also ticks equal to me mvene of me Sustainable CeU Rate for that 
included in the Scheduling Table Entry 900. The value of V C The duration of one clock tick is the duration of Timer 
this field is used to distinguish between CBR and VBR 330 in FIG. 3. The value of the TS field 945 is periodically 
traffic, and to accommodate for the required CDV tolerance 45 compared by the Scheduler with the value of the CS field 
for the VC indicated by the VC field 901 of the Scheduling W0 f responsive to the Timer 330, when the Valid bit 905 is 
Table Entry 900. For example, when a user requests a CBR set- 
connection, the resulting VC is given a higher priority than Scheduling Table Entry 900 also includes a Sustainable 
other connections over the shared transmission link which Token Bucket Size field (BS) 950. The value of the BS field 
only require VBR. During operation of the elements shown 50 950 is derived from the QoS parameters in the entry in the 
in FIG. 9, if the Scheduler determines that cells can be Virtual Circuit Table 230 indicated by the VC field 901. The 
transmitted on more than one VC without exceeding any value of the BS field 950 reflects the Sustainable Cell Rate 
Qos limitations, then the Scheduler selects a VC having the Bucket Size for the VC indicated by the VC field 901, and 
highest priority for the next cell transmission. controls the maximum burst size for that VC. Larger BS field 

The Scheduling Table Entry 900 further includes a 55 values result in proportionally larger maximum burst sizes. 

Latency Accumulator (CL) field 925. The CL field 925 The value of the BS field 950 is written by the Scheduler 

contains the total time elapsed since a cell was transmitted Process 325 when the Scheduler detects that a new packet 

on the VC indicated by the VC field 901. Also shown in the for transmission is at the head of the Transmit Queue 

Scheduling Table Entry 930 is a Latency Increment (IL) field corresponding to the Scheduling Table Entry 900. The initial 

930.The value of thelLfield 930 is written bythe Scheduler 60 value of the BS field 950 is responsive to the QoS param- 

Process 325 when the Scheduler detects that a new packet eters in the Virtual Circuit Table entry for the VC on which 

ready for transmission is at the head of the Transmit Queue the new packet is to be tiaiismitted. 

corresponding to the Scheduling Table Entry 900 . The value Also during operation of the elements in FIG. 9, when the 

of IL 930 is written by the Scheduler, responsive to the QoS Valid bit 905 is set, if the Scheduler determines that the value 

parameters in the Virtual Circuit Table entry for the VC on 65 of CS field 940 exceeds the value of the BS field 950, the 

which the new packet is to be transmitted, and reflects the Scheduler writes the value of the BS field 950 into the CS 

CDV tolerance parameter specified in the connection request field 940. 
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The Scheduling Table Entry 900 also includes a Peak Cell from die current time. The Scheduler then adds the result of 

Rate Period field (TP) 955. The value of the TP field 955 is the subtraction to the new value of the CS field 940 and the 

derived from the QoS parameters in the Virtual Circuit Tabic new value of the CP field 960 of the Scheduling Table entry. 

230 entry indicated by the VC field 901. The TP field 955 is For purposes of example, the current time is defined as the 

written when the Scheduler detects that a new packet ready 5 time since the last initialization of the network station, 
for transmission is at the head of the Transmit Queue piQ. 11 is a diagram showing the steps of a second 

corresponding to the Scheduling Table Entry 900. The value example embodiment of a method for scanning table entries, 

of the TP field 955 is the inverse of the Peak Cell Rate of the The steps shown in FIG. 11 correspond with the second 

VC on which the new packet is to be transmitted. The value example embodiment of the Scheduling Table entry 900 as 

of the TP field 955 is given in terms of dockticks, where the 10 shown in FIG. 9. In the example embodiment of FIG. 11, the 

duration of one clock tick is the duration of Timer 330 in ste ps of FIG. 11 are performed by the Scanning Process 

FIG. 3. corresponding to step 505 in FIG. 5 and contained within the 

During operation of the elements in FIG. 9, when the Scheduler Process 325 as shown in FIG. 3. In the example 

Valid bit 905 is set, the Scheduler periodically compares the embodiment, each of the steps 1100 through 1145 are 

value of the TP field 955 with the value of the CP field 960 15 implemented as processes within an ASIC In the example 

responsive to the Timer 330 as shown in FIG. 3. embodiment, the elements of FIG. 11 operate on the Sched- 

The Scheduling Table Entry 900 of FIG. 9 is further uling Table 320 as shown in FIG. 3. Further in the example 

shown to include a Peak Cell Rate Accumulator (CP) field embodiment of FIG. 11, the format of the table entries 

960. The Scheduler Process 325 initializes the value of the corresponds with the format shown in FIG. 9. 
CP field 960 when the Scheduler detects that a new packet 20 During step 1100 in FIG. 11, the Scheduler selects a 

ready for transmission is at the head of the Transmit Queue current entry, and increments the CL field value of the 

corresponding to the Scheduling Table Entry 900. The initial current entry by the value of the IL field for that entry, 

value of the CP field 960 is based on QoS parameters in the Following step 1100, in step 1105, the Scheduler increments 

Virtual Circuit Table entry for the VC on which the new the value of the CS field for the current entry by 1. Following 

packet is to be transmitted. 25 step 1105, in step 1110, the Scheduler compares the incre- 

Further during operation, the Scheduler decrements the mented value of CS field with the value of BS for that entry, 

value of the CP field 960 by the value of the TP field 955 If the Scheduler determines in step 1110 that the value of the 

after a cell is transmitted on the VC indicated by the VC field CS field is greater then or equal to BS, then step 1115 is 

901, During operation of the elements shown in FIG. 9, performed following step 1110. If the scheduler determines 

when the Valid bit 901 is set, the Scheduler periodically 30 in step 1110 that the value of the CS field is not greater than 

compares the value from the TP field 955 with the value or equal to BS, step 1115 is skipped, and the Scheduler 

from the CP field 960, responsive to the Timer 330 as shown continues with step 1120 following step 1110. In step 1115, 

in FIG. 3. When the value of the CP field 960 is equal to or the scheduler sets the value of the CS field to the value of 

greater man the value of the TP field 955, a cell may be BS. Following step 1115, step 1120 is performed, 
transmitted on the VC indicated by the VC field 901 without 35 Ih step 1120, the Scheduler compares the value of CP with 

exceeding the Peak Cell Rate for that VC. the value of the TP field. If the Scheduler determines in step 

FIG. 10 is a diagram of an example embodiment of a 1120 that the value of the CP field is less than the value of 

format of a Virtual Circuit Table entry 1000 in the Virtual the TP field, then step 1120 is followed by step 1125. 

Circuit Table 230 as shown in FIG. 2. The format shown in ^ Otherwise, if the Scheduler determines in step 1120 that the 

FIG. 10 corresponds with the second example embodiment, value of the CP field is not less than the value of the TP field, 

as also shown by the Scheduling Table Entry 900 of FIG. 9. then step 1120 is followed by 1130. In step 1125, the value 

The Virtual Circuit Table Entry 1000 is shown including of me CP field is incremented by 1. Step 1125 is followed by 

a Sustainable Cell Rate Accumulator (CS) field 1005, a Peak step 1130. 

Cell Rate Accumulator (CP) field 1010, a Bucket Size field 45 In step 1130, the Scheduler compares the values of the CS 

(BS) 1015, a Sustainable Cell Rate Period field (TS) 1020, and CP fields with the values of the TS and TP fields 

a Peak Cell Rate Period field (TP) 1025, a Priority (Prior) respectively. If the Scheduler determines in step 1130 that 

field 1030, a Latency Increment (IL) field 1035, and a the value of the CS field is greater than or equal to the value 

Timestamp field 1040. of the TS field, and that the value of the CP field is greater 

During operation, when the Scheduler detects that a new 50 ^an 01 equal to the value of the TP field, then step 1130 is 

packet ready for transmission is at the head of a Transmit followed by step 1135. Otherwise, step 1130 is followed by 

Queue, the Scheduler determines which Scheduling Table stc P U40. In step 1135, the Scheduler sets the Transmit 

Entry corresponds with the Transmit Queue of the pending Enable Bit. Step 1135 is followed by step 1140. 
transmission. Then the Scheduler copies the values from the In step 1140, the Scheduler determines whether all the 

CS 940 and CP 960 fields from that Scheduling Table Entry 55 entries in the table have been scanned. If the Scheduler 

into the CS 1005 and CP 1010 fields of the Virtual Circuit determines that not all the entries in the table have been 

Table Entry 1000 indicated by the VC field 901 in that scanned, then step 1145 follows step 1140. Otherwise, if the 

Scheduling Table entry. Scheduler determines that all entries in the table have been 

Next, the Scheduler determines which VC the new packet scanned, then the Scheduler has completed scanning the 

is to be transmitted on. The Scheduler then copies the values 60 table. In step 1145, the Scheduler selects the next entry in the 

from the CS 1005, CP 1010, BS 1015, TS 1020, TP 1025, table for scanning. Following step 1145, the Scheduler 

FRIO 1030 and IL 1035 fields of the Virtual Circuit Table continues on with step 1100, repeating steps 1100 through 

entry for that VC into the CS 940, CP 960, BS 950, TS 945, 1145 until all the entries in the table have been scanned. 
TP 955, PRIO 920 and IL 930 fields of the Scheduling Table FIG. 12 is a diagram showing the steps of a second 

entry corresponding with the transmit queue of the pending 65 example embodiment of a method for selecting a virtual 

transmission. The Scheduler next subtracts the value of the circuit for transmission. In the example embodiment of HG. 

Timestamp field 1040 in the Virtual CircuitTable Entry 1000 12, the elements of FIG. 12 operate on the Scheduling Table 
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320 as shown in FIG. 3. Further in the example embodiment 
of FIG. 7, the format of the table entries corresponds with 
the format shown in FIG. 9. 

The steps shown in FIG. 12 are performed by the process 
corresponding with step 510 in FIG. 5, which is contained 
within the Scheduler Rrocess 325 as shown in FIG. 3. The 
steps shown in FIG. 12 select one table entry from those 
entries which the Scheduler has determined indicate a VC on 
which a cell may be transmitted without exceeding the QoS 
parameters for that VC. 

In step 1200 of FIG. 12, the Scheduler reads the next entry 
in the table. The next entry read in step 1200 is referred to 
herein as the current entry. Following step 1200, in step 1205 
the Scheduler determines whether the transmit enable 
(XMTT_EN) bit in the current entry is set. If the Scheduler 
determines in step 1205 that the transmit enable bit in the 
current entry is set, then step 1205 is followed by step 1210. 
If the Scheduler determines in step 1205 that the transmit 
enable bit in the current entry is not set, then step 1205 is 
followed by step 1235. 

In step 1210, the Scheduler determines whether the value 
of the priority field in the current entry is greater than the 
value of a priority field in a current candidate register. The 
current candidate register is used by the Scheduler during 
the selecting step 510 as shown in FIG. 5 to store an entry 
read from the table that has been found to contain the highest 
priority field value. The contents of the current candidate 
register is referred to as the current candidate. 

If the Scheduler determines in step 1210 that the value of 
the priority field value of the current entry is greater than the 
priority field value in the current candidate register, then step 
1210 is followed by step 1230. If the Scheduler determines 
in step 1210 that the value of the priority field in the current 
entry is not greater than the value of the priority field in the 
current candidate register, then step 1210 is followed by step 
1215. 

In step 1215, the Scheduler determines whether the pri- 
ority field value of the current entry is equal to the value of 
thepriority field value of the current candidate register. If the 
Scheduler determines in step 1215 that the priority field 
value of the current entry is equal to the value of the priority 
field value of the current candidate, then the step 1215 is 
followed by step 1220. If the Scheduler determines in step 
1215 that the priority field value of the current entry is not 
equal to the priority field value of the current candidate 
register, then step 1215 is followed by step 1235. 

In step 1220, the Scheduler determines whether the CL 
field value of the current entry is greater than the value of the 
CL field value of the current candidate register. If the 
Scheduler determines in step 1220 that the CL field value of 
the current entry is greater than the value of the CL field in 
the current candidate register, then step 1220 is followed by 
step 1235. If the Scheduler determines in step 1220 that the 
CL field value of the current entry is not greater than the CL 
field value of the current candidate register, then step 1220 
is followed by step 1230. 

In step 1230, the Scheduler updates the current candidate 
register by writing the value of the current entry into the 
current candidate register. Thus the current candidate reg- 
ister is maintained during the selection process as that entry 
in the table having the highest priority field value of an entry 
corresponding with a VC on which a cell may be transmitted 
without exceeding the QoS parameters for that VC. In the 
event that there are multiple entries corresponding with a VC 
on which a cell may be transmitted, all having equal priority, 
the candidate register is written with that table entry corre- 
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spending with the VC having the greatest Latency Accu- 
mulator (CL) value. The Latency Accumulator value reflects 
the time since a previous cell transmission on that VC. Step 
1230 is followed by step 1235. 

5 In step 1235, the Scheduler determines whether all entries 
in the table have been processed by the selecting step 510 as 
shown in FIG. 5. If in step 1235 the Scheduler determines 
that all entries in the table have been so processed, then the 
selecting step 510 as shown in FIG. 5 is completed. If the 

1° Scheduler determines that not all entries in the table have 
been so processed, then step 1235 is followed by step 1200, 
a new entry is read as the current entry, and the process 
continues until all entries in the table have been processed. 
Following completion of the steps shown in FIG. 12, the 

15 Scheduler transmits a cell on the VC indicated by the entry 
stored in the current candidate register, as described by step 
515 in FIG. 5. The selected table entry from the table is thus 
shown to be contained in the current candidate register 
following the completion of the steps shown in FIG. 12. 

20 FIG. 13 is a diagram showing the steps of a second 
example embodiment of a method for post processing a table 
entry. The steps in FIG. 13 are performed by the process 520 
as shown in FIG. 5, which is part of the Scheduler process 
325 as shown in FIG. 3. In the example embodiment, the 

23 elements of FIG. 13 operate on the Scheduling Table 320 as 
shown in FIG. 3. Further in the example embodiment of 
FIG. 13, the format of the table entries corresponds with the 
format shown in FIG. 9. 

30 The steps in FIG. 13 arc performed by the Scheduler on 
the entry in the table which was selected by the selecting 
process 510 as shown in FIG. 5. The selected entry is the 
entry read from Scheduling Table and stored in the current 
candidate register by the Scheduler during the selecting 

35 process 510, and remaining in the candidate register at the 
end of the selecting process 510. The steps shown in FIG. 13 
are performed by the Scheduler on the selected entry. 

In step 1300 of FIG. 13, the Scheduler decrements the CS 
field value in the selected entry by the value of the TS field. 

40 Following step 1300, in step 1305, the Scheduler decrements 
the CP field value in the selected entry by the value of the 
TP field. Following step 1305, the Scheduler clears the CL 
field in step 1310. Following step 1310, in step 1315 the 
Scheduler clears the Transmit Enable bit in the selected 

4S entry. In this way the steps shown in FIG. 13 show an 
example of how the Scheduler Process 325 in FIG. 3 
performs the step of post processing the selected table entry 
in step 520 as shown in FIG. 5. 

THIRD EXAMPLE EMBODIMENT: COMBINED 
50 SCANNING AND SELECTING 

In a third example embodiment, the Scanning step 505 
and the Selecting step 510 of FIG. 5 are combined. 
Specifically, with reference to the embodiment shown in 

55 FIGS. 6 and 7, in step 630 of FIG. 6, rather than set a 
Transmit Enable bit, the steps 710 and 715 of HG. 7 are 
performed for the current entry. Alternatively, with reference 
to the embodiment shown in FIGS. 11 and 12, steps 1210 
and 1215 of FIG. 12 are performed within step 1135 of FIG. 

6o 11. In this way no transmit enable bit in the table entry is 
required, no setting or checking of a transmit enable bit is 
required, and the table is traversed once to accomplish both 
scanning and selecting. 

^ Encoded Data Representation 

An example method of encoded Data Representation for 
the herein described invention is now disclosed. In imple- 
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mentations using this encoded data representation, any field For purposes of example, the CS and BS fields are 20 bits 

that is so encoded must be un-encoded to derive the value of wide. The values and representations of the TS, CS and BS 

that field. FIG. 14 shows an encoding for TS and TP. A four fields vary depending on the values of the Period and 

bit Exponent field 1405 (Exp) is shown in bits 8 through 11. Exponent fields shown in FIG. 14. For example, the rela- 

An eight bit Period field 1410 is shown in bits 0 through 7. 5 tionship of the format of fields within the Virtual Circuit 

The frequency of transmission in Mbps specified by a given table and Scheduling Table is shown in FIG. 16. 

TS_Encoded (encoded TS value), for example, is then In FIG. 16, a first column 1605 shows Exponent field 

given by the following expression: values. A second column 1610 shows a 12 bit TS value, and 

a third column 1615 shows the CS and BS values. The 'X's 

- , , . a ^ v io in TS represent the bits in the Period field of the encoded 

Fra,umcy=2 * "^/(Fcnod.256) representation TS_Encoded as shown in FIG. 14. The 'X's 

The above equation assumes that the period of the clock in the CS and BS are the bits of the CS and BS parameters, 

ticks used to trigger a scan of the scheduling table, for Hie Vs indicate the division between the integer portions 

example the period of Timer 330 in FIG. 3, is equal to 2.5 and the fractional portions of the parameters, 

microseconds. Therefore the value 169.6 in the above equa- 15 Further for purposes of example, in the example embodi- 

tion is the result of: ruent of FIGS. 14, 15 and 16, the equation for the value of 

the BS field in the Virtual Circuit Table entry 1000 or in the 

« , « . « v w a* « • a , i. ^ x Scheduling Table entry 900 is as follows: 

(53 Bytesfcell * 8 bitsfbyte) / (2 5 microseconds/cell tune) ° J 

The system may alternatively be implemented using clock 20 ^ m 

ticks of any frequency greater than or equal to the line rate, bs=(MSB * (TS-tfh TP) * i (il ~ e ^-^ 

where the value of TS and TP are selected accordingly. For J$ ^ ^ frQm ^ 

example if the scanning process is triggered each TS _ Encoded Md TP _ BaeoitA as follows: 
microsecond, and the link rate is one cell per 2.8 

microseconds, and a given virtual circuit is allocated 50% of 25 

the total bandwidth for its sustainable rate, then the value of 7S=((256+Pcriod_s) * 2 E *"- S y256 
TS for that given virtual circuit is equal to 5.6. Whereas in 

contrast, if for the same link and virtual circuit the scanning 7?s=((256tPeriod_P) * ^- T )ni6 

were triggered every 2.8 microseconds, then the value of TS „ . . _ . A . , . _ _ . . _ 

for that virtual circuit would be 2. 30 Pe«od_S is the value of the Period field within 

In an example embodiment, the period of the Timer 330 TS -^ DC ? d ? 1 \ A . , . iU . . 

in FIG. 3faprogrammable. In addition, the system may be -f*? 0 */. 18 value of 11,6 Penod field mtbxa 

configured to trigger a scan of the Scheduling Table in T \r £n< ^ . I , * , ^ c „,„ „ , J 

response to an input other than the expiration of the Timer ^~l] S * e va | ue °** e ?* p fie * ^™ Encoded, 

330.For example, the system may be configured to trigger 35 is the value of me Exp field withmTPJncoded, 

a scan by the Scheduler Process 325 in response to link .„ „ . , ,„ . „ „, , , . ™. 

availability, such that a scan is performed only when the r Jf* S » *• Maximum Burst Size specified in the ATM 

Scheduler detects that the link is available to transmit a celL ^ specification Generic Cell Rate Algorithm. 

The above equations show that the location of the binary ^ther example embodunent, fioatuig point operations 

point in the decoded (or unencoded) TS value is interpreted 40 «f minimized in order to improve speed of the calculations, 

accordingto the value in the Exponentfield 1405. Example ™* foUowing equation requires only integer operations, and 

values of the Exponent field 1405 are between 0 and 11, a u ssumes m * Exp_S>=Exp_P (the sustained rate ts less 

yielding frequencies between 41 Kbps and 169 Mbps, man or e( l ual t0 me P** rate for me **** 
approximately. 

During operation, the format in FIG. 14 allows specifi- 45 . mB m mdod ^ +256) , scalc_fector-<Period-P + 

cation of 12 different ranges in which the frequency may be 256»+« * (Period_P+256)yScale_factor 
specified. Within each range, the granularity of each step 

ranges from -0.4% at the top of the range to -0.2% at the where 
bottom. In other words, any transmit rate may be specified 

to within -0.2% accuracy, or to within 0.4% accuracy with so 
a guarantee of not exceeding the specified rate. 

FIG. 15 is a table having a first column 1505 of values SECOND ALTERNATIVE EMBODIMENT— 

from the Period field 1410 in FIG. 14, and a second column VIRTUAL CIRCUIT TABLE TTMESTAMPS 
1510 of corresponding rates in Mbps. The values in the 

second column 1510 are based on an Exponent field 1405 55 A second alternative embodiment is now described 

value of 0. including a system using times tamps within the Virtual 

In the example embodiment of FIGS. 14, 15, and 16, the Circuit Table. ATransmit Control Array CTCA) is used in the 

Virtual Circuit Table and Scheduling Table entry fields TS second alternative embodiment to store status information 

and TP are stored as TS_Encoded and TP_Encoded related to the packet currently at the head of a transmit 

respectively, wherein TS_Encodcd and TP^Encoded are of 60 queue. In the example embodiment, there is one TCA Entry 

the format shown in FIG. 14. The subfields ofTS_Encoded associatedwimcachtransmitqueue.lngenCTal.aTCAentry 

are referred to as Period_S and Exp_JS, and the subfields contains information regarding a packet that is to be 

within TP__Encoded are referred to as Period_P and Exp_ transmitted, whereas a Scheduling Table entry contains 

P. If the TS and TP fields are encoded as TS_Encoded and information regarding the VC over which the packet is to be 

TPJncoded, then they must be unencoded before the value 65 transmitted. 

of TS or TP may be compared with the unencoded accu- FIG. 17 is a diagram of an example embodiment of a 

mulator fields CS or CP. Transmit Control Array Entry (TCA Entry) 1700 associated 
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with a packet at the head of a given transmit queue. The reading the Schedule Table Entry Valid field in the TCA 

fields in the TCA Entry 1700 are written and maintained by Entry for the transmit queue associated with the Schedule 

a combination of the control logic 240 as shown in FIG. 3, Table entry. If the Schedule Table entry is valid, step 1800 

and processes running on the Host CPU 210 as shown in is followed by step 1805. If the Schedule Table entry is not 

FIG. 2, responsive to other information in the DRAM 225, 5 valid, then step 1800 is followed by step 1840. In step 1805, 

the host memory 215, and the SRAM 316 as shown in FIG. the Scheduler determines if the TCA Entry for the Transmit 

3. TCA Entry 1700 is shown including a Schedule Table Queue associated with the Schedule Table entry is valid. The 

Entry Valid field 1705, a Virtual Circuits Equal field 1710, determination of step 1805 is made by reading the TCA 

a Flush Packet field 1715, a TCA Entry Valid field 1720, a Entry Valid field in the TCA Entry for the transmit queue 

Chaser Packet field 1725, a Number of Bytes field 1730, and l0 associated with the Schedule Table entry. A TCA Entry is 

a Packet done field 1735. For purposes of example, the TCA valid if it indicates a packet at the head of the transmit queue 

Entry 1700 is stored in the DRAM 225 as shown in FIG. 2. which has not been fully transmitted. If that TCA Entry is 

In an alternative embodiment, the TCA Entry is maintained valid, step 1805 is followed by step 1810. If that TCA Entry 

in other memory storage within the Network Station 200, for is not valid, then step 1810 is followed by step 1840. 

example in on-chip memory within an Application Specific l5 In step 1810 of FIG. 18, the Scheduler determines 

Integrated Circuit, or the SRAM 315 as shown in FIG. 3. whether the TCA Entry related to the packet at the head of 

The Schedule Table Entry Valid field 1705 indicates the queue associated with the Schedule Table entry being 

whether or not the Schedule Table Entry associated with the examined indicates a Virtual Circuit which is the same as the 

Transmit Queue for the TCA Entry 1700 is valid. A valid Virtual Circuit currently indicated by the Schedule Table 

Schedule Table Entry contains information regarding a 20 entrv oem g examined. The determination of step 1810 is 

packet that has not yet been completely transmitted. The made by reading the Virtual Circuits Equal field in the TCA 

Virtual Circuits Equal field 1710 indicates whether the Entry for the transmit queue associated with the Schedule 

Virtual Circuit indicated by the Schedule Table Entry as so- Table entry. If the two Virtual Circuits are equal, then step 

dated with the Transmit Queue for the TCA Entry 1700 is 1810 is followed by step 1815. If the two Virtual Circuits are 

mesameasme\lrTOdC^cuitofmepacketorceUforwmch 25 not equal, then step 1810 is followed by step 1840. 

the TCA Entry 1700 contains information. The Hush Packet In step 1815 of FIG. 18, the Scheduler determines 

field 1715 indicates whether a packet for which information whether there are greater than 48 bytes remaining of data in 

is contained in the TCA Entry 1700 should be flushed. A the FIFO of the current packet at the head of the transmit 

packet must be flushed when it is to be transmitted onto a VC queue associated with the Schedule Table entry being 

which has no flow control credits and is not likely to be 30 examined, or whether the end of that packet has been placed 

replenished with credits in the near future. Flow control into the FIFO. The determination of step 1815 is made by 

credits may be lost as a result of network data corruption. reading the Number of Bytes and Packet Done fields in the 

The TCA Entry Valid field 1720 indicates whether the TCA TCA Entry for the transmit queue associated with the 

Entry 1700 is valid. A valid TCA Entry contains information Schedule Table entry. If either condition is true, then step 

regarding a packet that has not yet been completely trans- 35 1815 is followed by step 1820. If neither condition is true, 

mitted. The Chaser Packet field 1725 indicates whether a then step 1815 is followed by step 1840. 

packet at the head of the transmit queue associated with the In step 1820 of FIG. 18, the Scheduler determines 

TCA Entry 1700 is a chaser packet A chaser packet for a whether there are Sustained Cell Rate and Peak Cell Rate 

given VC is queued behind all other packets of that VC on tokens available for the Virtual Circuit indicated by the 

a given queue when the VC is to be closed. The Number of 40 Schedule Table entry being examined. If both Sustained Cell 

Bytes field 1730 contains the number of bytes of the packet Rate and Peak Cell Rate tokens are available for that Virtual 

that are currently stored in the FIFO associated with the Circuit, then step 1820 is followed by step 1825, A Sustained 

Transmit Queue associated with the TCA Entry 1700. The Cell Rate token is available when the value of the CS field 

Packet Done field 1735 indicates whether the end of the in the Schedule Table entry is greater than or equal to the 

packet for which information is contained in TCA Entry 45 value of the TS field. Similarly, a Peak Cell Rate token is 

1700 has been placed in to the FIFO associated with the available when the value of the CP field in the Schedule 

Transmit Queue associated with the TCA Entry 1700. Table entry is greater man or equal to the value of the TP 

FIG. 18 is a diagram of steps performed by a third field. If either Sustained Cell Rate or Peak Cell rate tokens 

example embodiment of a method for selecting a virtual are not available for mat Virtual Circuit then step 1820 

circuit for transmission. The steps shown in FIG. 18 are 50 followed by step 1840. 

performed by the process corresponding with step 510 in in step 1825 of FIG. 18, the Scheduler determines 

FIG. 5, which is contained within the Scheduler Process 325 whether at least one flow control credit is available for the 

as shown in FIG. 3. The steps shown in FIG. 18 select one Virtual Circuit indicated by the Schedule Table entry being 

Schedule Table entry from those entries indicating a VC on examined, and whether the packet at the head of the Trans- 

which a cell may be transmitted without exceeding the QoS 55 mit Queue associated with the current Schedule Table entry 

parameters for that VC. The steps of FIG. 18 are performed is to be flushed, and whether mat packet is a chaser packet 

iteratively on all Schedule Table entries. If an entry is found it will be evident to one skilled In the art that various flow 

to **win" by the steps shown in FIG. 18, then that entry is control mechanisms may be employed consistent with the 

written into a "current candidate" register maintained by the principles of the invention. Generally, no flow control credit 

Scheduler. The Schedule Table entry contained in the current eo is required to transmit a chaser packet, or a packet that is to 

candidate register after the steps of FIG. 18 have been be flushed. Otherwise, a flow control credit is required to 

performed on all Schedule Table entries indicates the next transmit a cell. The determination of step 1825 is made by 

VC on which a transmission may be made. reading the Chaser Packet and Flush Packet fields of the 

In step 1800 of FIG. 18, the Scheduler determines if the TCA Entry for the transmit queue associated with the 

Schedule Table entry is valid. A Schedule Table entry is 65 Schedule Table entry. Also, a Credit Available field may be 

valid if it indicates a packet which has not been completely included in the Virtual Circuit table entry of the virtual 

transmitted. The determination of step 1800 is made by circuit indicated by the Schedule Table entry. The Scheduler 
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determines whether a flow control credit is available by The new CP value is equal to the minimum of either (1) the 

reading the Credit Available field. If a flow control credit is value of the CP field in the Virtual Circuit Table entry plus 

available, or that packet is to be flushed, or that packet is a Elapsed Time, or (2) TP, where TP equals the value of TP 

chaser packet, then step 1825 is followed by step 1830. If obtained from the TP field in the Virtual Circuit Table entry 

none of those three conditions are true, then step 1825 is 5 plus 1, minus the least significant bit The new value of CP 

followed by step 1840. is then written into the CP field of the Schedule Table entry. 

In step 1830, the Scheduler determines whether the pri- Note that the maximum value of CP, as a result of the 

ority indicated by the Schedule Table entry being examined steps 1120 and 1125 in FIG. U, is equal to TP+1 minus the 

is higher than the priority of the Schedule Table entry value of the least significant bit of TP. For example, in step 

currently stored in the current candidate register. The prior- 10 1120, the value of CP may be equal to at most the value of 

ity of a Schedule Table entry is determined by comparing TP minus the least significant bit, if step 1125 is to be 

both the Priority field and the Latency Accumulator fields of executed. After step 1125, CP would then be equal to TP plus 

that Schedule Table entry with those of the current candi- 1, also minus the least significant bit. After a cell is subse- 

date. If the priority of the Schedule Table entry being quently transmitted in that case, CP is decremented by the 

examined is higher, or the priority is equal but the Latency J5 value of TP (see step 1305 in FIG. 13). If CP were allowed 

Accumulator field value of the Schedule Table entry being to increase until it were equal to TP+1, then another cell 

examined is higher, then step 1830 is followed by step 1835. could potentially be transmitted before a sufficient time 

If the priority of the Schedule Table entry being examined is period has passed to ensure that the Peak Cell Rate is not 

less than that of the current candidate, then step 1830 is exceeded. 

followed by step 1840. In step 1830, the Scheduler writes the 20 £P ^ mcrc f aU owe d to increase in value until it is less 

value of the Schedule Table entry currently being examined than TP by a difference equal to the least significant bit of TP. 

into the current candidate register and then reads the next This relationship must be maintained in order that the 

Schedule Table entry. In step 1840, the Scheduler does not negotiated Peak Cell Rate for that Virtual Circuit is not 

write a new value to the current candidate register, and exceeded. Thexef ore, in Step 1910, the least significant bit is 

simply reads the next Schedule Table entry. The steps shown 25 subtracted when calculating TP'. 

in FIG. 18 arc repeated until they have been performed on gte mo h foUowcd b ms ^ 1915 mc 

all Schedule Table entries. The result of the steps shown in Scheduler calculates a new va i U e for the CL field in the 

HQ. 18 is that me current candidate register indicates a SdlcdulcrTab i c cn try. xh c ncw value foi QL is equal to the 

Virtual Circuit on which tte^^ value of ^ ^ field iQ me ctadt Table entry 

FIG. 19 is a flow diagram of steps performed by an multiplied by Elapsed Time. Note that for purposes of 

example embodiment of a process for loading a Schedule example, Elapsed Time must be stored in terms of the same 

Table Entry. During operation, when the Scheduler detects time interval as is used to scan the Schedule Table for step 

that a new packet ready for transmission is at the head of a 1915 to work as described. It will be evident to one skilled 

Transmit Queue, the Scheduler determines which Schedul- ^ j n the art that Elapsed Time may be also be stored in other 

ing Table Entry corresponds with the Transmit Queue of the representations, requiring additional calculation during step 

pending transmission. Next, the Scheduler determines which 1915, Th e ne w value of CL is then written into the CL field 

VC the new packet is to be transmitted on. If the VC on 0 f the Schedule Table entry. 

which the new packet is to be transmitted is not equal to the ^ system provides a significant advantage by 

VCcurrentty indicated by the Scheduling Table entry cor- avoidmg multiplies when loading the CP and CS fields in the 

responding with the Transmit Queue of the pending Schedule Table. In steps 1905 and 1910 of FIG, 19, the 

transmission, then the steps shown in FIG. 19 are performed. lapsed Time value is simply added to the CS and CP fields 

The Scheduler then performs the steps shown in FIG. 19 respcctivcly> ratner ^ requiring a multipHcation of the 

using the values from the fields of the Virtual Circuit Table ^ unit of m&psed Time by fog increment values for 

entry for that VC, and the Scheduling Table entry corre- ^ncd rate and peak rate. TTus advantage flows from 

sponding with the transmit queue of the pending transmis- using ae TS ^ fields to stoie a nurnbe r of clock ticks 

slon * that must pass before a cell may be transmitted on that 

In step 1900 of FIG. 19, the Scheduler calculates the time virtual circuit 

elapsed since the Virtual Circuit Table entry was last written. ^ an alternative embodiment, CL may be defined as 

This is done by subtracting the value of uie Timestarnp field 5Q accumulated latency only between cells within a single 

in the Virtual Circuit Table entry from the value of the packet on a VC. In that alternative embodiment, the value of 

Current Time. For example, the Current Time may be a is ^ t0 zero when an entry m the Scheduling Table is 

defined as the total accumulated time since the system was ioadtd from ^ e Virtual Circuit table, 
last initialized. As described previously, the Timestarnp field 

in the Virtual Circuit Table entry is written with the value of 55 Writing the Virtual Circuit Table 

the Current Time whenever the Virtual Circuit Table Entry mG 2Q ^ a flow # ^ me for writing an 

15 - F ? PUIP0S ! S ° f , eXarap L e : ^ ^ calculated m entry in the Virtual Circuit table. The process shown in FIG. 
step 1900 is herein referred to as Elapsed Time. 2 0 may be implemented either within an Application Spe- 
Following step 1900, in step 1905* the Scheduler calcu- cific Integrated Circuit or as a program running on a micro- 
late s a new value for the CS field in the Schedule Table entry. ^ processor in the network adapter. The process shown in FIG. 
The new CS value is equal to the minimum of either (1) the 20 is, for purposes of example, included within the Sched- 
CS field value in the Virtual Circuit Table entry plus Elapsed uler Process 325 as shown in FIG. 3. During operation of the 
Time, or (2) the value of the BS field in the Mrtual Circuit elements of FIG. 20, a trigger event 2000 occurs that begins 
Table entry. The new CS value is then written to the CS field the process of FIG. 20. A first example of the trigger event 
in the Schedule Table entry. ^ 2000 is detection by the Scheduler, responsive to the trans- 
Next after step 1905, in step 1910 the Scheduler calcu- mit process 305 as shown in FIG. 3, that the last cell in a 
lates a new value for the CP field in the Schedule Table entry. packet has been transmitted. After the Scheduler detects that 
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the last cell has been transmitted, then in step 2005 the 
Scheduler copies the value from the CS SMO field in the 
Schedule Table entry for the packet that was just transmitted 
into the CS 1005 field of the Virtual Circuit Table Entry 1000 
corresponding with the virtual circuit over which the packet s 
was transmitted. 

Following step 2005, the Scheduler copies the value of the 
CP 960 field from that Scheduling Table Entry into the CP 
field 1010 of the Virtual Circuit Table Entry 1000 corre- 
sponding with the virtual circuit over which the packet was 10 
transmitted. After step 2010, in step 2015, the Scheduler 
then writes the value of the current time into the Time Stamp 
field 1040 in the Virtual Circuit Table Entry 1000. 

In a second example embodiment, the trigger condition 
2000 is the Scheduler detecting when a new packet as 15 
indicated by an entry at the head of a transmit queue. In that 
second example embodiment, the Virtual Circuit Table Entry 
1000 further includes a Latency Accumulator field. Further 
in the second example embodiment, in addition to the steps 
of FIG. 20, the Scheduler performs an additional step of 20 
copying the value of the Latency Accumulator field CL 925 
into the Latency Accumulator field of the Virtual Circuit 
Table Entry. Also in the second example embodiment, the 
Scheduler adds the value of the Latency Accumulator in the 
Virtual Circuit table entry to the product of the Elapsed Time 25 
and the Latency Increment for that Virtual Circuit, and 
writes the result to the Latency Accumulator field in the 
Scheduler Table entry whenever a Schedule Table entry is 
loaded from the Virtual Circuit table entry. 

30 

While the invention has been described with reference to 
specific example embodiments, the description is not meant 
to be construed in a limiting sense. Various modifications of 
the disclosed embodiment, as well as other embodiments of 
the invention, will be apparent to person skilled in the art ^ 
upon reference to this description. It is therefore contem- 
plated that the appended claims will cover any such modi- 
fications or embodiments which fall within the true scope of 
the invention. 

We claim: ^ 

1. A system for controlling the transmission of cells from 
a network node, comprising: 

a virtual circuit table having one or more entries, each 
entry corresponding with a virtual circuit established 
with said network node, each entry having a first Cell 45 
Rate Accumulator field and a Time Stamp field, said 
Time Stamp field storing a time at which said virtual 
circuit table entry was last written; 

a schedule table having one or more entries, each entry 
having a first Cell Rate Accumulator field and a first 50 
Predetermined Value field; 

schedule table loading means for determining a virtual 
circuit on which a packet is to be transmitted, calcu- 
lating a time elapsed since a last previous write of a 
virtual circuit table entry corresponding with said vir- 55 
tual circuit, said time elapsed equal to the current time 
minus the value of said Time Stamp field, adding said 
time elapsed to the value of said first Cell Rate Accu- 
mulator field in said virtual circuit table entry corre- 
sponding with said virtual circuit, and storing the result 
of said addition into said first Cell Rate Accumulator 
field of a schedule table entry; 

scanning means for periodically incrementing said first 
cell Rate Accumulator field in said schedule table entry; 
and 65 

transmitting means, responsive to said scanning means, 
for transmitting a cell on said virtual circuit when the 
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value of said first Cell Rate Accumulator field value is 
greater than or equal to the value of said first Prede- 
termined Value field. 

2. The system as in claim 1, further comprising: 
a memory; 

. one or more transmit queues in said memory, each said 
transmit queue associated with one of said schedule 
table entries, each said transmit queue including zero or 
more entries, each of said zero or more transmit queue 
entries indicating a packet in a memory; and 

wherein said schedule table loading means is responsive 
to a transmit queue entry arriving at the head of one of 
said one or more transmit queues, said transmit queue 
entry indicating said packet to be transmitted. 

3. The system as in claim 2, further comprising: 
virtual circuit table loading means, responsive to said 

transmit queue entry arriving at the head of said one of 
said one or more transmit queues, for storing a value 
from said first Cell Rate Accumulator field in said 
schedule table entry to said first Cell Rate Accumulator 
field of said virtual circuit table entry corresponding 
with said virtual circuit, and for storing a current time 
value to said Time Stamp field of said virtual circuit 
table entry corresponding with said virtual circuit 

4. The system as in claim 1, further comprising: 
virtual circuit table loading means, responsive to said 

transmitting means having transmitted a last cell of a 
packet, for storing a value from said first Cell Rate 
Accumulator field of said schedule table entry to said 
first Cell Rate Accumulator field of said virtual circuit 
table entry corresponding with said virtual circuit, and 
far storing a current time value to said Time Stamp field 
of said virtual circuit table entry corresponding with 
said virtual circuit. 

5. The system as in claim 1, further comprising: 

each of said one or more virtual circuit table entries 

having a Bucket Size field; 
said schedule table loading means further determining the 

minimum of 

(1) the sum of said Time Elapsed field value and said 
value of said first Cell Rate Accumulator field in said 
virtual circuit table entry corresponding with said 
virtual circuit, and 

(2) the value of said Bucket Size field; and 

said schedule table loading means further storing said 
minimum into said first Cell Rate Accumulator field of 
said schedule table entry. 

6. The system as in claim 1, wherein the value of said first 
Predetermined Value field far a given one of said one or 
more schedule table entries equals the inverse of a prede- 
termined sustainable cell rate limit for a virtual circuit 
indicated by said given one of said one or more schedule 
table entries divided by a time period T, and said scanning 
means increments said first Cell Rate Accumulator field each 
time period T by adding an increment value to said first Cell 
Rate Accumulator field value, said increment value equal to 
1. 

7. The system as in claim 1, further comprising: 

each of said one or more virtual circuit table entries 
having a latency accumulator field and a latency incre- 
ment field; 

each of said one or more schedule table entries having a 

latency accumulator field; and 
said schedule table loading means multiplying said time 

elapsed by the value of said latency increment field in 
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said virtual circuit table entry corresponding with said 
virtual circuit, and storing the result of said multipli- 
cation into said latency accumulator field of said sched- 
ule table entry. 

8. The system of claim 7, said schedule table loading 5 
means further copying said latency increment field value in 
said virtual circuit table entry corresponding with said 
virtual circuit into a latency increment field of said schedule 
table entry corresponding with said one of said one or more 
transmit queues. 10 

9. The system of claim 1, wherein the value of said first 
Predetermined Value field for each of said one or more 
entries equals 1. and said scanning means increments said 
first Cell Rate Accumulator field of said schedule table entry 
every time period T by adding an increment value to said 15 
first Cell Rate Accumulator field value, wherein said incre- 
ment value equals a number of cells that may be transmitted 
by said network node during said time period T on a virtual 
circuit indicated by said schedule table entry, and not exceed 

a predetermined sustainable rate of transmission permitted 20 
for said indicated virtual circuit. 

10. Hie system as in claim 1, further comprising: 

each of said one or more schedule table entries having a 

latency accumulator field; and 
said schedule table loading means storing zero into said 23 

latency accumulator field of said schedule table entry. 

11. Hie system as in claim 1, further comprising: 

each of said one or more virtual circuit table entries 
having a second Cell Rate Accumulator field; 

each of said one or more schedule table entries having a 
second Cell Rate Accumulator field and a second 
Predetermined Value field; and 

said schedule table loading means adding said time 
elapsed to a value of said second Cell Rate Accumu- 35 
lator field in said virtual circuit table entry correspond- 
ing with said virtual circuit, and storing the result of 
said addition into said second Cell Rate Accumulator 
field of said schedule table entry. 

12. Hie system as in claim 11, further comprising: 40 
said schedule table loading means further determining the 

minimum of 

(1) the sum of said time elapsed and said value of said 
second Cell Rate Accumulator field in said virtual 
circuit table entry corresponding with said virtual 4s 
circuit, and 

(2) the value of said second Predetermined Value field 
plus one minus the least significant bit; and 

said schedule table loading means storing said minimum 
into said second Cell Rate Accumulator field of said so 
schedule table entry. 

13. The system of claim 11, wherein the value of said 
second Predetermined Value field for a given one of said one 
or more entries equals the inverse of a predetermined peak 
cell rate limit for the virtual circuit indicated by said 55 
schedule table entry divided by a time period T, and said 
scanning means increments said second Cell Rate Accumu- 
lator each time period T by adding an increment value to said 
second Cell Rate Accumulator field value, said increment 
value equal to 1. 60 

14. lie system of claim 13, wherein the value of said 
second Predetermined Value field for each of said one or 
more entries equals 1, and said scanning means increments 
said second Cell Rate Accumulator field of a given schedule 
table entry each time period T by adding an increment value 65 
to said second Cell Rate Accumulator field value, said 
increment value equal to a number of cells that may be 



transmitted on a virtual circuit indicated by said given 
schedule table entry during said time period T and not 
exceed a predetermined peak rate of transmission permitted 
for said indicated virtual circuit. 

15. The system as in claim 13, claim 9, or claim 14, 
wherein said time period T is equal to one cell time, where 
said cell time is a rime period equal to the amount of time 
required by said network node to transmit one cell onto said 
network. 

16. A method for controlling the transmission of cells 
from a network node, said network node including a virtual 
circuit table having one or more entries, each entry corre- 
sponding with a virtual circuit established with said network 
node, each entry having a first Cell Rate Accumulator field 
and a Time Stamp field, said network node further including 
a schedule table having one or more entries, each entry 
having a first Cell Rate Accumulator field and a first Pre- 
determined value field, comprising the steps of: 

determining a virtual circuit on which a packet is to be 
transmitted; 

calculating a time elapsed since a last previous write of a 
virtual circuit table entry corresponding with said vir- 
tual circuit, said time elapsed equal to the current time 
minus a value of said Time Stamp field, said value of 
said Time Stamp field storing a time at which said 
virtual circuit table entry was last written; 

adding said time elapsed to the value of said first Cell Rate 
Accumulator field in said virtual circuit table entry 
corresponding with said virtual circuit; 

storing the result of said addition into said first Cell Rate 
Accumulator field of a Schedule table entry; 

periodically incrementing said first Cell Rate Accumula- 
tor field in said schedule table entry; and 

transmitting a cell on said virtual circuit when the value 
of said first Cell Rate Accumulator field value is greater 
than or equal to said first Predetermined Value field 
value. 

17. The method as in claim 16, said network node also 
including a memory and one or more transmit queues in said 
memory, each said transmit queue associated with one of 
said schedule table entries, each said transmit queue includ- 
ing zero or more entries, each of said zero or mare transmit 
queue entries indicating a packet in a memory, wherein said 
determining, calculating, adding and storing steps are 
responsive to a transmit queue entry arriving at the head of 
one of said one or more transmit queues, said transmit queue 
entry indicating said packet to be transmitted 

18. The method as in claim 17, further comprising the 
following steps: 

storing, responsive to said transmit queue entry arriving at 
the head of said one of said one or more transmit 
queues, a value from said first Cell Rate Accumulator 
field in said schedule table entry to said first Cell Rate 
Accumulator field of said virtual circuit table entry 
corresponding with said virtual circuit; and 

storing a current time value to said Time Stamp field of 
said virtual circuit table entry corresponding with said 
virtual circuit 

19. The method as in claim 16, further comprising the 
steps of: 

storing, responsive to transmitting means a last cell of a 
packet, a value from said first Cell Rate Accumulator 
field of said schedule table entry to said first Cell Rate 
Accumulator field of said virtual circuit table entry 
corresponding with said virtual circuit, and for storing 
a current time value to said Time Stamp field of said 
virtual circuit table entry corresponding with said vir- 
tual circuit 
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20. The method as in claim 16, each of said one or more 



22. The method as in claim 21, further comprising the 



virtual circuit table entries having a Bucket Size field, 
further comprising the steps of: 



steps of: 




determining the minimum of 



(1) the sum of said time elapsed and said value of said 
first Cell Rate Accumulator field in said virtual 
circuit table entry corresponding with said virtual 
circuit, and 



(1) the sum of said time elapsed and said value of said 
second Cell Rate Accumulator field in said virtual 
circuit table entry corresponding with said virtual 
circuit, and 



(2) the value of said Bucket Size field; and 



(2) the value of said second Predetermined Value field 
plus one minus the least significant bit; and 



storing said minimum into said first Cell Rate Accumu- 



10 



storing said minimum into said second Cell Rate Accu- 



lator field of said schedule table entry. 



mulator field of said schedule table entry. 



23. The method as in claim 16, wherein the value of said 



21. The method as in claim 16, each of said one or more fast predetermined Value field for a given one of said one or 

virtual circuit table entries having a second Cell Rate mOTe schedule ta ble entries equals the inverse of a prede- 

Accumulator field, and each of said one or more schedule tennined sustainable cell rate limit for a virtual circuit 

table entries having a second Cell Rate Accumulator field mdicated by ^ g VQn one of said 01ie or more scne dule 

and a second Predetermined Value field, further comprising ubk (Jlvlded by a ^ period T, and said periodic 

the steps of: incrementing step increments said first Cell Rate Accumu- 

adding said time elapsed to a value of said second Cell latoi field each time period T by adding an increment value 
Rate Accumulator field in said virtual circuit table entry 2Q to said first Cell Rate Accumulator field value, said incre- 

corresponding with said virtual circuit; and men t value equal to 1. 
storing the result of said addition into said second Cell 
Rate Accumulator field of said schedule table entry. ***** 
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